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The ZK60 magnesium alloy has been modiﬁed by Fe ion implantation and deposition with a metal vapor vacuum arc plasma source. The
surface morphology, phase constituent and elemental distribution are determined by scanning electron microscopy, transmission electron
microscopy, X-ray diffractometer and Auger electron spectroscopy. The results show that Fe thin ﬁlm is deposited on ZK60 alloy and the
corresponding thickness increases from 2.73 μm to 6.36 μm with increasing deposition time. A transition layer mainly composed of Mg, Fe and O
elements is formed between Fe thin ﬁlm and ZK60 substrate. The potentiodynamic polarization tests reveal that a high corrosion potential and
a low corrosion current density are detected for the Fe deposited ZK60 alloy, indicating the improvement of corrosion resistance. The tensile
deformation test indicates that the Fe deposited ﬁlm on the ZK60 substrate can sustain 1% tensile strain without any cracks.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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Excellent mechanical properties (high speciﬁc strength, low
density and Young's modulus closing to bones) as well as
unique biodegradable behavior of Mg and its alloys in
physiological environment make them to be promising candi-
dates as orthopedic and cardiovascular implants [1–3], which
avoid the necessity of a second removal surgery [4]. In spite of
these advantages, biodegradable Mg-based alloys corrode in
body ﬂuids too fast to retain mechanical integrity during the
whole tissue repair period of 6–12 months [2,5,6]. Therefore,
improvement of the corrosion resistance of Mg-based alloys is
still a challenge for clinical applications.10.1016/j.pnsc.2014.08.011
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nder responsibility of Chinese Materials Research Society.Some investigations have shown that the corrosion behavior
of Mg-based alloys can be modiﬁed by surface modiﬁcation,
e.g. ion implantation and deposition [7–9]. The corrosion
behavior of surgical AZ91 alloy in simulated body ﬂuids after
Al, Zr and Ti plasma immersion ion implantation and
deposition (PIII&D) was investigated and the improved corro-
sion resistance was found for the Al treated sample as a result
of the compact Al2O3 layer and thick intermixed layer on the
surface [10]. A diamond-like carbon (DLC) ﬁlm of 200 nm in
thickness was prepared on the Mg–3.0Nd–0.2Zn–0.4Zr (wt%)
alloy by C2H2 PIII&D, the results of electrochemical and
immersion tests revealed that the corrosion resistance enhanced
because of the good barrier effect of DLC ﬁlm but the random
defects in the ﬁlm induced corrosion failure [11].
It is known that Fe and Fe-based alloys as another family of
biodegradable metals possess comparative mechanical proper-
ties with stainless steel and suitable biocompatibility [12,13].
Speciﬁcally, Fe is a kind of nutrient trace element and one
component for both hemoglobin and enzyme. In other words,Elsevier B.V. All rights reserved.
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implants than Mg and Mg-based alloys. However, the slow
degradation rate of Fe and Fe-based alloys in physiological
environment is the main restriction for clinical applications.
The implantation of pure Fe peripheral stent similar to the
316 L stent into the descending aorta of minipigs remained
relatively intact after 360 d post-surgery, which caused the
adverse reactions as that of permanent stents [14]. Thus, a
faster degradation rate is desirable for the Fe-based biodegrad-
able alloys, which can be obtained through alloying.
Inspired by the distinct degradation rates of the two
biodegradable metals, Mg and Fe, an adjustable corrosion rate
may be realized through the surface modiﬁcation of Mg using
Fe as thin ﬁlm. To our knowledge, however, there are seldom
studies on Mg alloys modiﬁed by Fe, because of the
immiscibility between them [15]. In this present work, the
surface microstructures and corrosion behavior of ZK60 alloy
modiﬁed by Fe ion implantation and deposition have been
investigated.
2. Materials and experimental
2.1. Materials
2.1.1. Substrate treatment
The as-cast ZK60 ingot with a nominal composition of
Mg–5.5Zn–0.6Zr (wt%) prepared in an electric resistance
furnace with a mild steel crucible protected by the RJ-2 ﬂux
(37.1% KCl–43.2% MgCl2–6.8% BaCl2–4.8% CaF2–6.6%
[NaClþCaCl2]–1.3% water-insoluble–0.4% moisture) was
solid solution treated at 573 K for 2 h and 603 K for 30 h
followed by water quenching at 333 K. The tensile samples
(30 mm 2 mm 2 mm) and plates (10 mm 10 mm 2
mm) were cut from the homogenized ZK60 alloy using the
electro-discharge machining, ground in sequence with 500–
2000 grids SiC emery papers, ultrasonically cleaned in
absolute ethanol and distilled water for 10 min in each and
then dried at ambient before Fe ion implantation and
deposition.
2.1.2. Fe ion implantation and deposition
Fe ion implantation and deposition was carried out using the
compound coating machine with metal vapor vacuum arc
(MEVVA) plasma source at a pressure of 34 103 Pa
and the experimental parameters are summarized in Table 1.Table 1
Experimental parameters of Fe ion implantation and deposition.
Sample ID Implantation parameters Deposition par
Voltage (keV) Current (mA) Time (s) Arcing current
ZK60 0 0 0 0
ZK60-400 8 4 1000 110
ZK60-1200 8 4 1000 110
ZK60-2000 8 4 1000 110
ZK60-3200 8 4 1000 110In prior to ion implantation and deposition, the samples were
sputtered with industrial pure Fe (99.5 wt%) ion source to clear
the residual surface contaminants. Implantation process before
deposition was conducted in order to enhance the combination
ability of Fe deposition ﬁlm with ZK60 substrate.2.2. Characterization
2.2.1. Microstructural analysis
The cross sectional and surface morphology was observed
by scanning electron microscopy (SEM, CS3400). The thin
ZK60 alloy sheets with a diameter of 3 mm for transmission
electron microscopy (TEM, JEOL 2100F, 200 kV) analysis
were prepared by Gatan plasma ion polishing system with
a working voltage of 5 keV. The phase analysis of ZK60
substrate was conducted by the X-ray diffractometer (XRD,
Rigaku D/Max 2500) using Cu kα radiation at a scan rate of
21 min1 in the 2θ range of 10–901. Glancing angle X-ray
diffractometer (GAXRD) with an incidence angle of 11 was
employed to identify the phase constituent of Fe thin ﬁlm. The
Fe, O, Mg and Zn elemental depth distributions were obtained
by the PHI 700 (ULVACPHI, Japan) Auger electron spectro-
scopy (AES) using a 5 keV primary electron beam whose
analytical spot diameter was 50 mm at a sputtering rate of
50 nm min1 as referenced to SiO2 under the pressure below
2.5 107 Pa.2.2.2. Electrochemical tests
The electrochemical corrosion behavior was evaluated by
the traditional three-electrode system using an electrochemical
workstation (CHI 660C, Shanghai) at the temperature of
31070.5 K and scan rate of 1 mV s1. The corrosive medium
was Hank's solution with a pH value of 7.4 whose composition
was 8.00 g L1 NaCl, 0.14 g L1 CaCl2, 0.40 g L
1 KCl,
0.10 g L1 MgCl2  6H2O, 0.10 g L1 MgSO4  7H2O, 0.35 g L1
NaHCO3, 0.12 g L
1 Na2HPO4  12H2O, 0.06 g L1 KH2PO4
and 1.00 g L1 Glucose [16]. The working electrode, the
counter electrode and the reference electrode are the specimen,
a platinum electrode and a saturated calomel electrode (SCE),
respectively. Since rapid corrosion occurred after being
exposed to Hank's solution, potentiodynamic polarization tests
were conducted as soon as the samples were immersed in the
corrosive media. Exposed area of each sample was 1.0 cm2.
This method has been used to investigate the corrosionameters
(A) Duty cycle (%) Bias voltage (V) Current (mA) Time (s)
0 0 0 0
90 100 500 400
90 100 500 1200
90 100 500 2000
90 100 500 3200
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and Al dual ion implantation [17].2.2.3. Tensile stress–strain test
In order to assess the fracture resistance of the deposited Fe
thin ﬁlm, tensile stress–strain tests (1% and 5%) were applied to
the ZK60-1200 samples by the universal material testing machine
(MTS 880) at a strain rate of 2.78 104 s1. The surface
morphologies of the deformed samples were observed
by SEM.Fig. 2. GAXRD patterns of ZK60 alloy after Fe ion implantation and
deposition.3. Results and discussion
3.1. Microstructures
Fig. 1(a) shows TEM bight-ﬁeld morphology of the ZK60
alloy. It is seen from Fig. 1(a) that a large number of nano-
scale rod-shape (β10) and disc-shape (β20) Mg–Zn precipitates
exist in the ZK60 alloy, as it is the common strengthening
phases in Mg–Zn system. As clariﬁed in [18,19], both β10 and
β20 precipitates have similar structure to MgZn2 laves phase.
The β10 precipitate with crystallographic parameters of
a=0.52 nm, c=0.85 nm is a transition phase while the β20
precipitate (a=0.52 nm, c=0.848 nm) is an equilibrium phase.
After solid solution treatment at 603 K, most Mg–Zn second
phase dissolves into the Mg matrix while some undissolved
compounds still remain. Similar structural characteristics have
been found in the Mg–8 wt%Zn alloy with solution treatment
at 588–608 K followed by water quenching [20]. Secondary
phases have adverse effect on the corrosion resistance of
magnesium alloys. Galvanic corrosion will happen due to the
more noble MgZn intermetallic compounds acting as cathode
compared with the α-Mg matrix, which will accelerate the
dissolution of α-Mg matrix as anode [21]. The XRD patterns
of ZK60 alloy is depicted in Fig. 1(b). It is seen that only the
diffraction peaks corresponding to α-Mg phase with hcp
structure (a¼b¼0.32 nm, c¼0.52 nm) appear [22]; however,
no Mg–Zn secondary phase is detected. This phenomenon may
be due to the low detection limit of XRD to nano-sized Mg–Zn
precipitates [22].Fig. 1. (a) TEM bight-ﬁeld morphology anGAXRD patterns of the Fe-ZK60 samples are depicted in
Fig. 2. It is seen that α-Fe phase and α-Mg matrix phase
coexist in the ZK60-400 sample. For the other three samples,
only bcc α-Fe phase with lattice parameters of
a¼b¼c¼0.287 nm can be detected [23]. This indicates that
Fe thin ﬁlm formed on the surface of ZK60 after ion implantation
and deposition. Moreover, it can be concluded that the thickness of
Fe thin ﬁlm increases with increasing deposition time, as indicated
by the increased intensity of α-Fe (110) diffraction peak with the
prolongation of deposition time.
Fig. 3 depicts the cross sectional morphologies of ZK60
samples treated by Fe ion implantation and deposition. It is
seen from Fig. 3(a) that the Fe ﬁlm bonds well with ZK60
substrate and the average thickness is about 2.73 μm. After
deposition for 1200 s the average thickness of Fe ﬁlm
increases to 3.64 μm (Fig. 3(b)). For the ZK60-2000 and
ZK60-3200 samples, the average thickness values are 4.55 μm
and 6.36 μm, respectively; however, a few cracks in vertical
direction appear as indicated by arrows. These cracks are
caused by high internal stress during the growth of Fe ﬁlm
with a long deposition time, which may do harm to the
corrosion resistance of the samples.d (b) XRD pattern of the ZK60 alloy.
Fig. 3. SEM images of cross-sectional morphologies of (a) ZK60-400, (b) ZK60-1200, (c) ZK60-2000 and (d) ZK60-3200 samples.
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alloys after Fe ion implantation and deposition. The surface
structures of the ZK60-400 sample can be divided into two
parts, i.e. deposition zone and transition zone, based on the
elemental distribution. The deposition zone is attained as
sputtering time gets to about 3.6 min and the transition zone
locates as sputtering time increases from 3.6 min to 11 min. In
the deposition zone, the concentration of Fe reaches the
maximum of 90% as a plateau from the sputtering time of
1.1–3.6 min and the corresponding concentrations of O and
Mg are lower than 5%. This obviously corresponds to the α-Fe
thin ﬁlm as detected by XRD in Fig. 2. Moreover, a high O
concentration appears from the outmost surface to the sputter-
ing time of 1.1 min, indicating the natural formation of Fe
oxide when the ZK60-400 sample was exposed in the atmo-
sphere. In the transition zone, the concentration of Fe
decreases with increasing sputtering time almost in a linear
manner, while the concentration of Mg shows a diverse
variation trend. This feature is obviously caused by the ion
implantation processes, in which Fe was forced into Mg
substrate and the corresponding Mg was removed out due to
the sputtering effect. It is noted that the concentration of O
exhibits as an approximate Gaussian distribution in the
transition zone with the maximum of 17.9%. It is believed
that oxygen was introduced during the ion implantationbecause of the non-ultra-high vacuum (UHV) implantation
conditions in our MEVAA instrument as has been found in
Nb, Ta or Zr implanted NiTi [16,24–26]. Fe and Mg oxides
may form in the transition zone, which will be clariﬁed in our
further studies. Similar surface structures have been observed
in the other three samples as shown in Fig. 4(b)–(d).
Furthermore, it is found that both the thickness values of
deposition zone and transition zone increase with increasing
deposition time.
3.2. Potentiodynamic polarization curves
Fig. 5 presents the potentiodynamic polarization curves of
pure Fe and ZK60 alloys in Hank's solution at 310 K with
a pH value of 7.4. The corrosion potential (Ecorr) and corrosion
current density (icorr) deduced from the Tafel curves are listed in
Table 2. It is known that a high Ecorr corresponds to a high
pitting potential, and once pitting corrosion happens, a low icorr
implies a low corrosion rate [16]. The Ecorr of Fe-ZK60 samples
lies between those of pure Fe (0.627 V) and ZK60 alloy
(1.528 V), showing a higher corrosion resistance than ZK60
alloy. Besides that, the corrosion potential becomes more
positive with the increasing deposition time as the thickening
of Fe thin ﬁlm. Moreover, much slower corrosion rate compared
with ZK60 alloy can be found for the deposited samples. It is
Fig. 4. Elemental depth proﬁle obtained by AES analysis of (a) ZK60-400, (b) ZK60-1200, (c) ZK60-2000 and (d) ZK60-3200 samples with sputtering rate
of 50 nm min1.
Fig. 5. Potentiodynamic polarization curves of pure Fe, ZK60 samples before
and after Fe ion implantation and deposition in Hank's solution at 310 K with
a pH value of 7.4.
Table 2
Corrosion potential (Ecorr) and corrosion current density (icorr) deduced from
potentiodynamic polarization curves.








Ecorr(V) 0.627 1.528 1.468 1.295 1.219 1.098
icorr ( 106
A/cm2)
0.912 119 3.552 1.363 28.28 49.17
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increasing deposition time and the ZK60-1200 sample shows
the lowest icorr value of 1.363 106 A/cm2. Moreover, the
ZK60-1200 sample shows a higher Ecorr and much lower icorrthan that of Zr and O dual implanted ZK60 alloy [27], showing
a much slower corrosion rate. It is obvious that the ZK60-3200
sample exhibits the highest corrosion rate among the treated
samples. The vertical cracks due to internal stress in Fe ﬁlm of
ZK60-3200 sample (see Fig. 3(d)) provide corrosive ions such
as Cl access to the ZK60 substrate and thus accelerate the
corrosion rate.
3.3. Surface morphology evolution
The surface morphologies of ZK60 and ZK60-1200 samples
with 0%, 1% and 5% tensile strains are shown in Fig. 6.
Shallow scratches due to the mechanical polishing can be
Fig. 6. SEM images of (a) ZK60 sample and ZK60-1200 samples with (b) 0% (c) 1% and (d) 5% tensile strain.
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with the ﬂuctuation of sample surface and thickens as the
deposition time increases. As depicted in Fig. 6(b) the Fe
deposition ﬁlm of ZK60-1200 sample is compact, but is too
thin to cover the scratches due to short deposition time.
Scratches become more obvious due to the bombardment
effect of high-speed energetic Fe ions. The compact Fe ﬁlm on
the ZK60 substrate can retard corrosive Cl from attacking the
ZK60 substrate, which in some contents increases the corro-
sion resistance in comparison with the naked ZK60 alloy as
can be seen from Fig. 5. In order to evaluate the mechanical
bonding strength of Fe thin ﬁlm on the ZK60 substrate, tensile
tests were performed. Fig. 6(c) and (d) displays the surface
morphologies of Fe thin ﬁlms on the ZK60-1200 samples after
1% and 5% tensile strains. The results reveal that Fe thin ﬁlm
bonds well with ZK60 substrate after 1% strain, because the
morphology does not change from the undeformed sample.
However, after being experienced 5% stress strain there appear
some micro cracks vertical to the tensile direction.4. Conclusions(1) The α-Fe thin ﬁlm has been formed on the surface of ZK60
alloy by Fe ion implantation and deposition. A gradient
surface structure with the deposition zone and the transitionzone forms upon the substrate. The thickness of the Fe thin
ﬁlm increases with the increasing deposition time.(2) The corrosion rate of ZK60 alloy slows down greatly due
to Fe ion implantation and deposition. The lowest corro-
sion rate can be obtained in the ZK60 alloy with deposition
time of 1200 s.(3) The Fe thin ﬁlm bonds well with the ZK60 substrate with
1% tensile strain and some micro cracks appear when the
strain reaches 5%.Acknowledgments
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